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Abstract. Maraging steels show an excellent combination of high strength and ductility, which 
makes them very attractive in a large variety of potential applications. The present work is 
concerned with the main factors influencing the stability of metastable austenite in such a steel. At 
subzero temperatures a large variation in the isothermal transformation behaviour of austenite to 
martensite has been observed. Factors such as the austenite grain size and the interstitial content in 
solid solution are known to influence austenite stability and, therefore, the martensitic 
transformation. In this steel, the addition of titanium results in carbonitride precipitation. These 
precipitates play an indirect but important role in the stability of austenite by means of removing 
interstitials from the solid solution and by inhibiting an austenite grain growth. The combination of 
techniques such as X-ray diffraction, magnetisation measurements, three-dimensional neutron 
depolarisation, and internal friction measurements enables a complete characterisation of the 
transformation. A step towards understanding the factors responsible for the variation in the 
behaviour observed is the main contribution of this work. 
 
Introduction 
 
It is well known that the austenite to martensite transformation in Fe-based alloys can proceed 
athermally, as a function of temperature; isothermally, as a function of temperature and time; or by 
plastic deformation (strained-induced martensite) [1, 2, 3]. The isothermal reaction generally occurs 
below the martensitic start temperature, MS, but there are examples of martensite forming 
isothermally also above MS [1]. The formation of isothermal martensite is characterized by C-curve 
kinetics, with the nose of the curve usually at different subzero temperatures depending on the 
composition of the alloy [1]. By contrast, athermal martensite takes place during cooling only when 
the MS temperature is reached. Further transformation on cooling takes place until the reaction 
ceases at the MF temperature. These critical temperatures can vary over a wide temperature range 
depending on composition [4]. While athermal martensite forms usually by growth of already 
existing plates, isothermal martensite develops by continual nucleation of new plates [5, 6]. In some 
austenitic stainless steels both athermal and isothermal martensite may occur. Fe-Ni-Mn and Fe-Ni-
Cr alloys are known as typical examples of such materials [1]. Steels with an austenitic 
microstructure at room temperature, can also transform to martensite after cold-working [3]. Strain-
induced martensite predominantly appears inside austenite grains at the intersection of shear bands. 
This mechanism was explained by Olson and Cohen [7]. 
Previous studies concerning the martensitic transformation in austenitic stainless steels used X-ray 
diffraction (XRD) to determine the martensite volume fraction [8, 9]. However, this technique may 
have some limitations due to the influence of textures on the interpretation of the measurements. 
Magnetic methods like magnetization and three-dimensional neutron depolarization (3DND) 
measurements [9-12] are good alternative tools to characterize phase transformations in steels 
taking advantage of the fact that austenite is paramagnetic phase, while martensite exhibits 
ferromagnetic behaviour. Magnetization measurements enable the determination of the magnetic 
phase fraction when the saturation magnetization of martensite is known. The advantage of 
magnetisation measurements in comparison with X-ray diffraction measurements is that the 
determination of the phase fraction is relatively insensitive to texture when the applied magnetic 
fields are sufficiently high. The 3DND technique is based on the precession of the neutron beam 
polarization during transmission through a ferromagnetic phase. This method can simultaneously 
probe the magnetic phase fraction and the average magnetic domain size. In order to obtain the 
average martensite grain size the applied field should be sufficiently large to have a single magnetic 
domain inside the martensite grain [13]. The magnetic phase fraction however can only be 
determined in relatively low applied magnetic fields due to a loss of the neutron beam polarisation 
for large stray fields.   
 
Two main factors influence the martensitic transformation kinetics for a given composition; the 
grain size and the interstitial impurities [5, 14]. The austenite grain size can be controlled by 
adjusting the austenitization conditions at high temperature before cooling to room temperature. A 
prediction of the amount of free interstitials is more complex. Many investigations have been made 
on the effects of alloying elements on the solubility and precipitation of carbon and nitrogen in 
steels [15]. The application of cyclic micro-stresses to study the damping or internal friction 
behaviour of steels is a powerful technique to examine the behaviour and state of interstitials in 
steels. Snoek was the first to show that the damping behaviour observed in ferritic steels was due to 
the presence of free interstitial solutes (carbon and nitrogen) in solid solution in ferrite [16]. Internal 
friction peaks in steels have been observed at different temperature locations depending on 
composition, deformation state and phases present in the matrix [17, 18]. These peaks are the result 
of a relaxation phenomenon associated with the redistribution of interstitial atoms in the matrix 
under the application of oscillatory micro-stresses. Golovin et al. have also shown that IF 
measurements can be used to study the isothermal martensitic transformation [19]. 
 
Although the austenite-martensite transformation is reasonably well understood and documented, in 
the industrial practice an unexpected variation in transformation behaviour has been reported. The 
combination of several different techniques such as X-ray diffraction, magnetisation measurements, 
three-dimensional neutron depolarisation, and internal friction measurements can potentially enable 
a complete characterisation of the transformation. This could lead towards a better understanding of 
the factors responsible for the variation in the behaviour observed. 
 
Materials and Experimental Procedure 
 
The composition of the steel used in this work was determined by X-ray fluorescence and is given 
in Table 1. The as-received material was delivered as strips of 48 mm length × 31 mm width × 0.5 
mm thickness. The MS temperature of this steel is as low as 77 K [20] and the nose of the C-curve is 
around 233 K [14]. The microstructure of the as-received material is mainly composed of austenite, 
but two other phases are also present: (1) a small amount of transformed martensite and (2) the  
phase (Fe36Cr12Mo10) precipitated in the matrix (Fig. 1a). Fig. 1b shows some martensite present in 
the initial microstructure. The mean austenite grain size (AGS) was revealed using a variation of 
dilute aqua regia (3 parts HCl, 2 parts water, 1 part HNO3) and long periods of etching. The AGS 
was measured using an image analyzer. The mean diameter determined was 5 µm. 
 
Table 1. Chemical composition of the studied steel [wt.%] with balance Fe. 
Cr Ni Mo Ti Al Si Cu Mn Co V S P C N 
11.4 8.7 3.4 1.1 0.7 0.3 2.5 0.3 0.08 0.06 0.04 0.03 0.008 0.006
  
 
 
Fig. 1 Optical micrographs. (a) White and black dots are  phase (Fe36Cr12Mo10) precipitated in the 
austenitic matrix. (b) Isothermally transformed martensite (darker phase) in austenite. 
 
Although the composition and grain size was the same for all samples, transformation behaviour 
was found to be different for samples taken from different coils. Samples called B have poorer 
transformation behaviour than samples A. In order to study the martensitic transformation, square 
samples of 15 mm in length and smaller rectangular samples of 2 mm × 3 mm, taken from both 
locations in the strip, were treated isothermally at 233 K for different periods of time (4, 8, 12, 16, 
and 48 h). The obtained microstructure was then analyzed using XRD and 3DND measurements 
(square samples) and magnetisation measurements (rectangular samples). The XRD measurements 
were performed on a Bruker-AXS D8 advance diffractometer equipped with a Bruker Vantec 
position sensitive detector and Co-K radiation. The magnetization measurements were performed 
at room temperature with a MagLab system (Oxford Instruments), which consist of a 9 Tesla 
superconducting magnet equipped with a Variable Temperature Insert (VTI) for measurements at 
temperatures between 2 and 360 K. The 3DND experiments were performed on the instrument 
PANDA at the Reactor Institute Delft. Temperature dependent internal friction Q-1 was measured by 
and inverted torsion pendulum in the temperature range of 95-500K in the Laboratory of 
Engineering Materials at the Helsinki University of Technology. Specimens were heated at a 
constant rate of 2 K/min. The frequency of the pendulum was varied between 1.7 and 2.0 Hz. 
Sample dimensions used for the internal friction measurement were 45 mm length × 2.5 mm width 
× 0.5 mm thickness. 
 
Results and Discussion 
 
Figure 2 presents the evolution of the XRD diffraction spectra for as-received and two holding times 
(12 and 48 h) at 233 K for samples A and B. From the comparison of the peak heights it is clear that 
the martensitic transformation behaviour is different for the two samples. Due to the small initial 
AGS (5 µm) the transformation kinetics is very slow and only a small fraction of martensite has 
been transformed after 48 hours. The quantitative estimation of the phase fractions is based on the 
principle that the total integrated intensity of all diffraction peaks for each phase in a mixture is 
proportional to the volume fraction of that phase [21, 22]. In Table 2, the volume fraction of 
martensite present in the microstructure measured with XRD is given for samples A and B. 
 
In order to obtain a more reliable quantification of the martensitic transformation, bulk analysis 
techniques can be used. In order to avoid the effect of a possible transformation at the surface 
during machining and suppress the influence of texture high-field magnetization measurements have 
been performed. This method is based on the measurement of the saturation magnetization of the 
sample, MS, which can be obtained from the high field limit of the magnetization curves as a 
function of the applied magnetic field. For the steel composition listed in Table 1 the saturation 
magnetization of pure martensite, mSM , corresponds to about 
m
SM0   1.8 T [23]. The volume 
fraction of martensite can be calculated by the following simple equation, mS
t
Sm MMf  , where 
t
SM  is the saturation value of the sample at a given time. 
 
 
Fig. 2 X-ray diffraction profiles of samples A 
and B after 12 and 48 hour treatment. 
 
 
 
Table 2. Volume fraction of martensite 
measured by X-ray diffraction 
 
 Volume fraction 
martensite ( mf ) 
Holding time [Hr] Sample A Sample B 
As-received 0.036 0.034 
12 0.086 0.050 
48 0.152 0.067 
 
 
 
In Fig.3 the evolution of the volume fraction of martensite has been plotted against time according 
to XRD and magnetization measurements. The martensite fractions obtained with the two different 
applied techniques are in reasonable agreement for sample A, but show significant differences for 
sample B. The difference observed in sample B may be caused by preferential martensitic 
transformation close to the surface or by a strong texture. 
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Fig. 3 Evolution of the martensite volume 
fraction, mf , with time according to XRD and 
magnetization measurements. 
 
 
Table 3. Volume fraction of martensite 
measured by magnetization measurements 
 
 Volume fraction 
martensite ( mf ) 
Holding time [Hr] Sample A Sample B 
As-received 0.029 0.010 
4 0.038 0.011 
8 0.057 0.013 
12 0.068 - 
16 - 0.047 
XRD and magnetization measurements can be used to monitor the evolution of the volume fraction 
of martensite but give no information about the microstructure. 3DND measurements allow us to 
study the formation of martensite in a more microstructural way. 3DND is based on the interaction 
of the neutron spin and the local magnetic induction in the sample. The change in polarization of a 
polarized neutron beam upon transmission through the sample is characterized by the depolarization 
matrix D according to the equation P=DP’, with P and P’ the polarized vectors before and after 
transmission, respectively [11, 24]. The mean magnetic induction, B , will result in a rotation of 
the polarization vector around the mean magnetic induction vector. This rotation is a measure for 
the magnetic volume fraction and is given by BcL  , where MmPm ff   )1(  is a 
shape factor that accounts for the effect of strays fields; P the microscopic shape factor (it has a 
value of 0.5 for spherically shaped particles) and     5.0arctan2  YZM LL  the macroscopic 
shape factor; L=0.5 mm is the thickness of the sample along the direction of the neutron beam, 
c=2.1510292 T-2m-4 and =2.0310-10 m is the neutron wavelength. The average magnetic 
induction in the sample can be written as mSm MmfB 0 , where fm is the volume fraction of 
martensite, <m> the average reduced magnetization in the direction of the applied magnetic field 
(perpendicular to the neutron beam), µ0 = 410-7 Hm-1, and mSM  is the saturation magnetization of 
martensite ( mSM0   1.8 T). The rotation angle is deduced from the matrix elements of the 
depolarization matrix D. If the value of <m> is known, the volume fraction can be determined. The 
local variations in the magnetic induction, 2B , will result in a shortening of the polarization 
vector (depolarization) by an amount proportional to the correlation function  of 2B  along the 
neutron path. The correlation function is a measure of the mean martensite magnetic domain size, , 
and can be written as    cLD 2detln , where detD is the determinant of the depolarization 
matrix. In the absence of an applied magnetic field, the correlation function can be written as 
     2021 mSm Mf  when a spherical magnetic domain of size  and a randomly oriented domain 
magnetization are assumed [25]. However, in the presence of an external magnetic field, this 
expression should be slightly modified because some magnetization has been induced. For low 
values of 2mfm  the correlation function is now       20543 mSmZ Mf  [25], where   DDZZZ detlnln21  gives which fraction of the total variation in the magnetic induction in 
the sample oriented along the z axis. 
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Fig. 4 Evolution of (a) the rotation and (b) the product <m>fm  with magnetic field for sample A. 
 
In Fig. 4a the evolution of  with magnetic field has been shown for sample A. During these 
measurements, the saturation rotation has not been reached in magnetic fields up to 8 mT. In Fig. 4b 
the evolution of <m>fm has been represented with time for samples A and B assuming spherical 
particles (P = 0.5 [11]), and for an applied magnetic field of µ0H= 8 mT. This figure provides a 
means to compare the evolution of the volume fraction of martensite. Trends observed are in good 
agreement with results shown in Fig. 3. A comparison with the magnetisation data gives a reduced 
magnetisation of <m> = 0.1420.05 for sample A and <m> = 0.0120.002 for sample B. 
 
3DND allows us also calculating the average magnetic domain size of the ferromagnetic 
microstructures; in this case, martensite. The magnetic domain size has been estimated using the 
values of the volume fraction obtained previously with XRD and magnetization measurements. The 
derived domain size is shown in Fig.5a for sample A with and without an external magnetic field. If 
the saturation conditions had been attained, the system would show <m>~1 and the domain size 
would be of the order of martensite plates (at least for low volume fraction of martensite where 
interaction between plates is minimized). In Fig. 5b the reduced magnetization has been represented 
for sample A. It has been calculated using the values of volume fraction of martensite from XRD 
and magnetization measurements and assuming P= 0.5. Since <m> is lower than one, multi-
domains might be present inside each martensitic plate and thus, the domain size measured (Fig. 5a) 
will be lower than the martensitic plate size. Taking the magnetic domain size, , as the diameter of 
a spherical martensitic magnetic domain, the volume of domains in the microstructure would be 
0.18 and  0.05 m3 with and without an external magnetic field, respectively. On the other hand, if 
the AGS is taken into account (5 m) we can expect that martensite plates to have dimensions of 3 
m  0.3 m  0.3 m and, therefore, the mean volume of a plate would be 0.27 m3. This estimate 
suggest that the magnetic domains are indeed smaller that the martensite plates. Fig. 5a also shows 
that the application of a magnetic field has resulted in the movement of some magnetic domains 
walls inside martensite plates, increasing the size of domains. Further experiments to characterize 
the martensitic microstructure in samples A and B are ongoing and results will be reported 
somewhere else. 
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Fig. 5. (a) Evolution of the magnetic domain size of martensite with time for sample A and (b) 
variation of the reduced magnetization inside sample A with magnetic field 
 
As it has be shown so far, XRD, magnetization, and neutron depolarization measurements can 
provide a complete characterization of the martensitic transformation, and show that the 
transformation behaviour is indeed different for the studied positions in the as-received material. 
However, the results do not directly explain the origin of this difference. Two main factors influence 
the martensitic transformation kinetics for a given composition: (1) the grain size and (2) the 
interstitial impurities [5, 14]. Since the austenite grain size is the same in all samples, the state of 
interstitials (precipitated or in solid solution) might alter the stability of austenite and be responsible 
for the observed differences in the martensitic transformation behaviour. Therefore, internal friction 
measurements have been used before to study the presence of interstitials in solid solution in steels 
[16-19]. Fig. 6 shows the characteristic IF spectrum for sample A and B obtained under the 
described experimental conditions. In the range of temperatures studied two main peaks have been 
detected. They are labelled PMT and PINT. Peak PMT develops in both samples in the temperature 
range between 170 and 290 K; and peak PINT has been observed between 430 and 490K. Although 
peak PMT has been observed in the same range of temperatures in both spectra, the shape of the 
curve is different for both samples, implying some differences in the relaxation process associated 
with these peaks. The peak height, 1mQ , and the peak temperature, Tm, are different for both samples 
and, in sample B, only peak PINT has been detected. Fig. 6b shows the internal friction spectrum 
after a background correction. Table 4 lists the peak height and peak temperature of the peaks 
detected after background has been removed. Peak PMT was observed to develop in the same 
temperature range where isothermal martensite forms in this steel [14]. This peak has been recorded 
by Golovin et al. [19] and was linked to the mechanical energy loss due to the anisothermal 
formation of martensite. Prioul [26] and Liu [27] detected this peak in Fe-Ni-C alloys when 
martensite had been transformed. Due to the nature of the martensite formation (sudden 
diffusionless shear transformation) large stresses are induced in the material. The internal friction is 
attributed to the movement of austenite/martensite and martensite/martensite interphases. From the 
height of the PMT peaks, it can be deduced that finer martensite and/or bigger volume fraction of 
martensite is present in sample A compared to sample B. Moreover, the shape of peak AMTP  suggests 
that a secondary peak is hidden under the main peak at lower temperatures. The corresponding peak 
temperature would in this case be around 190-200 K. The presence of two different PMT peaks in 
sample B and the shift in peak temperature suggests that different types of martensite might be 
forming in these samples (tetragonal and/or hexagonal martensite [28]). 
 
2.2
2.4
2.6
2.8
3.0
3.2
3.4
3.6
3.8
4.0
4.2
100 150 200 250 300 350 400 450 500
Temperature, K
In
te
rn
al
 F
ric
tio
n,
 x
10
 -4  
Q
-1
1.70
1.75
1.80
1.85
1.90
1.95
2.00
2.05
Fr
eq
ue
nc
y,
 H
z
PMT
PINTSample B
Sample A
(a)
Fig. 6. Internal friction spectrum of the maraging 
steel studied.  
Table 4. Peak height and peak temperature of 
the internal friction spectrum in samples A 
and B after background has bee removed. 
Peak mT  [K] 1mQ , 10-4 
A
MTP  255 1.013 
B
MTP  240 0.376 
INTP  462 0.131 
 
 
Peak PINT in sample B develops in the same range of temperatures as the cold work peak (Snoek-
Koster) associated with the interaction of carbon and nitrogen with dislocations in -iron [29]. This 
peak has been reported also by Bagramov et al. [18] in carbon steel martensite without prior cold 
work. They found that it was related to the presence of martensite because it disappeared when the 
sample was tempered. Its height increased as a result of cold work, and therefore had to be related 
with the presence of dislocations. In the present steel, the fresh dislocations formed during 
martensitic transformation on heating can interact with free interstitials present in the matrix. 
Assuming that dislocation-interstitial interaction are the dominant mechanism causing the PINT peak 
and considering that fresh dislocation are present in both samples, the spectrum suggests that free 
interstitials are present in sample B but not present in sample A. On the other hand, the combined 
existence of peak PINT along with smaller peak PMT in sample B in comparison to sample A, 
suggests that the presence of interstitials in solid solution in sample B, stabilizes the austenite, 
retarding its transformation to martensite. On the contrary, in sample A, interstitials are not present 
and their effect on the martensitic transformation is negligible. 
 
Summary 
 
The martensitic transformation behaviour has been studied in a 12Cr-9Ni-4Mo maraging steel using 
XRD, magnetization, and 3DND measurements. XRD and magnetization measurements allow the 
determination of the volume fraction of martensite. 3DND can monitor both the volume fraction and 
the magnetic domain size of martensite, which can be related to the martensite plate size. Bearing in 
mind that the austenite grain size is the same in both samples, internal friction measurements 
suggest that the presence of interstitials in solid solution affect the transformation behaviour. Local 
differences in solute interstitials levels could explain the observed local differences in 
transformation behaviour. Internal friction is shown as a powerful technique to characterize both, 
the martensitic transformation as well as the amount of interstitials in solution. 
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